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EXFEBJBENTAL  STUDY  OF  THE  BAGBUS  EFFECT  01  A FUMED  BODI  OF 
BEVOUTIOR  OF  GBEAT  ELONGATION  AT  A BACE  BOBBEB  OP  II  = 4 

B.  B.  Bychkov,  B.  L.  Dubrovskiy,  T.  B.  Kovalcnkc 


During  the  flight  of  a rotating  nissllc  or  rocket  at  an  angle  of 
attack  aerodynanic  forces  arise  which  are  directed  along  the  noreal 
to  the  plane  of  the  angle  of  attack,  i.e.  , the  so-called  Bagnos 
effect  is  sanifested.  The  presence  of  a lateral  force  leads  to  a 
deflection  of  the  aissile  fros  the  assigned  direction.  For 
calculating  the  flight  trajectory  it  is  necessary  to  know  the  value 
of  the  Bagnus  force  and  the  point  cf  its  application. 

Biperiaents  [1-4]  have  shown  that  the  value  and  direction  of  the 
effect  of  the  Bagnus  force  depend  cn  both  the  gcosetry  of  the  aissile 
(Shape  of  the  body  and  its  elongation,  the  presence  of  a fin  and  the 
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Mlkod  of  its  attachseot)  acd  oa  tka  acdo  cf  flew  (angle  of  attack, 
rate  of  rotation,  M.  and  la  nuabezs).  Halted  eiperiaeatal  data 
obtained  aainly  for  short  tedies  dc  not  perait  reliable  deteraioation 


of  the  value  of  Hagnus  forces  and  acaents  which  act  on  a body  with  a 
certain  design.  Analytically  this  preblea,  a ve|  at  saall  angles  of 
attack  (bob- breakaway  flow),  has  been  atadiad  in  a very  approxiaate 
fora,  in  experinent  beccaes  guite  ia(crtant  under  these  conditions. 


i 


For  ezperiaental  study  of  the  Hagnus  cifect  on  bodies  of 
revolution  of  great  elengatien  a special  set-up  was  developed  which 
was  fastened  on  to  an  acinacifora  suspension  of  a wind  tunnel.  The 
set-uy  provided  the  necessary  position  cf  tke  aodel  in  the  working 
part  ef  the  tunnel,  created  rotation  of  the  nodel  with  the  necessary 
angular  velocity  and  with  fixation  of  the  fuaber  of  revolutions  and 
also  aade  it  possible  tc  aeasure  the  lateral  force  Z and  the  yawing 
sonant  Af„  • The  lateral  force  and  its  aoncat  were  aeasured  using 
tenaonetric  scales  designed  for  a lead  up  tc  0.*  kg  with  respect  to 
force  and  up  to  0.35  kg  with  respect  to  noaent.  For  preventing  the 
effect  of  a shock  wave  durirg  starting  and  stop  ping  of  the  wind 
tunnel  the  tenaonetric  scales  were  aechanically  disconnected,  i.e., 
they  were  stopped.  The  basic  asseablies  for  studying  the  Hagnus 
effect:  aodel  1 which  is  fastened  cn  bcldei  2,  supported  on  bearings 
3 and  I,  reverse  direct  current  electric  actor  ! with  a photoelectric 
tachosctex  for  Manuring  the  nuabez  cf  revclaticas  of  the  nodel  (n  4c 
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8000  z/ain) , tvo-coaponent  tensonetric  scales  6,  a locking  device 
aith  elect roaag net ic  drive  1 and  a accbaqicel  drive  8.  The  entire 
cofstrecticn  was  covered  aith  a cowl  9 (Tig.  1). 


. « 

r VI/1 


m 


Fig.  1.  Structural  diagram  of  a set-up  for  studying  the  Magnus 
effect . 


rh 
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1 hollo*  cylinder  with  an  ogival  |cm  (act  and  spiro  servos  as 
the  npdel.  tvo  cross-shapad  fins  are  located  on  the  body.  The  overall 
elongation  of  the  nodel  X ■ 1/d  * 40  (1  and  d are  the  length  and 
diaaeter  of  the  nodal).  Dotation  of  the  nodal  by  the  electric  notor 
is  acconplished  using  a central  rod  10  which  fraely  passes  through 
the  inside  of  the  hclder. 

In  the  coarse  of  preliainary  experiments  without  flow  a check 
■as  node  of  the  stability  of  revolutions  of  the  aodel  with  a fixed 
power  of  the  electric  actcr,  of  the  statility  cf  the  position  of  the 
axis  of  the  aodel  «ith  various  nusbecs  cf  revolutions  and  the  degree 
of  its  deforaation  under  the  effect  of  a ccrceatrated  load,  of  the 
efficiency  of  the  lockixg  device  and  also  ct  the  calibration  of  the 
teiaoaetric  scales. 

Ixperiaents  were  conducted  in  a supersonic  wind  tunnel  ITPH 
T-313  with  8*4,  De;  * 37*10*  and  angles  cf  attack  « froa  0 to  15°. 
The  nodeling  paraneter  e-*wd/2l/_  changed  in  the  range  of 
(1.4—9.4)* 10 which  correspopded  to  a nailer  cf  revolutions  of  the 
nodel  of  n * 1000-7000  r/nin  or  an  angular  velocity  of  w * 105-735 
V«- 

The  aeasuring  process  was  reduced  to  tic  following.  The  signal 
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free  the  tensoeetcic  scales  which  characterizes  the  total  lateral 
force  or  the  resulting  acacnt  enters  the  elcctrcnic  device  DACQ-2BB, 
which  is  a aultiple-point  aystea  of  aotoaatic  collection  and 
accumlation  of  inforsation  (nanuf acturcr  - lahcda-Biken,  Japan). 

Here  the  signal  is  aaplificd  and  averaged  is  tiie  due  to  which  it  is 
possible  to  exclude  its  pulsation  cospcneqt.  Pulsations  arise  aainly 
froa  the  wobble  of  the  rotating  aodel  and  fees  fluctuations  of  the 
flow,  the  averaged  signal  in  digital  fern  is  output  onto  the  tape  of 
a printer  for  subsequent  processing. 

During  neasureaente  of  Bagnus  forces  ard  scaents  an  iaportant 
role  is  played  by  the  correct  selectios  of  the  reading  point  (xero  or 
initial  reading  I«) • For  Is  a value  H should  be  chosen  (reading  of 
the  D1CQ)  not  with  a zero  nuaber  of  revolutions  (n=0)  but  as  a 
Halting  value  with  n 0.  The  tests  showed  a very  good 
reproducibility  of  values  Ar|„^0  (dynaaic  zero)  ard  a noticeable  spread 

(static  zero)  . The  latter  is  ccnnected  «ith  the  fact  that  the 
aodel  rotating  on  a relatively  thin  bolder  is  sere  inert  to  the 
effect  of  fluctuations  of  flow  and  therefore  its  position  is  aore 
stable  in  coaparison  with  a non-rotating  acdel,  particularly  with 
largo  elongations. 

Thus  for  the  initial  reading  l0  tie  dynaaic  zero  N\n^,  was 


ii 


chosen.  It  uas  deteraiaed  froa  the  relationship 
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O)  Af#  = JVJ*^=  — . 

Talues  n«.-»|n_|  me  selected  equal  to  1000  z/ain.  The  value  of  the 
Hagans  force  or  aoaent  uas  deterained  fzoa  the  difference 

(2)  Aiy.-iV.~iV,. 

■here  Nn  is  the  reading  of  the  instrument  with  a given  nunber  of 
zevobutiogs  of  the  nodel. 

Oariag  the  experisent  various  types  of  ezrers  are  added  to  the 
aeasured  value.  They  nay  he  divided  intc  three  types:  1)  errors  ahich 
are  constant  aith  a given  angle  of  attack  (wash  of  the  flov  in  the 
tunnel,  inaccuracy  in  placeient  cf  the  tenscnetric  scales,  etc.);  2) 
errors  which  change  their  value  in  tiac  (the  effect  of  tea perature  on 
the  tensoaetric  scales);  3)  errors,  the  value  aid  sign  of  which 
depend  on  the  direction  and  velocity  cf  rotatici  of  the  nodel. 

Brrors  of  the  first  type  are  autually  exclusive  during 
subtraction  of  the  results  cf  aeasureaents  according  to  (2).  Brrors 
of  the  seccnd  type  are  taken  into  account  using  control  aeasureaents 
of  Hagaus  forces  with  one  and  the  sane  nuafccz  of  revolutions  n = 1000 
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r/aia.  Such  aeasureaents  tc.  k place  at  approximately  equal  intervals 
of  tiae  At  and  were  altercated  with  measurements  of  other  (assigned 
according  to  a program)  nuabers  of  revoloticns  cf  the  aodel.  The 
obtained  dependence  Al(v)  aakes  it  possible  to  find  the  necessary 
correction  for  any  reading. 


She  third  type  of  error  is  connected  aith  the  fact  that  under 
the  effect  of  the  Bagnus  force  Z a certain  angle  of  slip  A0  appears. 
Iq  this  case  a supplementary  force  AZ  arises  which  acts  parallel  to 
force  Z.  In  the  presence  of  lift  ferce  X = i (a)  the  axis  of  the  aodel 
also  deviates  froa  the  assigned  direction  (ty  angle  A(a).  The 
indicated  deviations  A£  and  Aa  take  place  aeinly  due  to  deformation 
of  the  holder  in  the  sectior  iaaediately  behind  the  base  section  of 
the  aodel.  The  axis  of  the  rotating  aodel  in  this  case  remains  almost 
rectilinear.  For  calculating  values  AZ  aqd  Aa  it  is  necessary  to  have 
the  dependence  of  the  lift  coefficient  on  tkc  angle  of  attack  and  the 
dependence  of  the  degree  cf  deforaatic*  of  the  axis  of  the  aodel  on 
the  value  of  the  aoaent  of  the  applied  force.  Estimates  show  that 
force  AZ  coaprises  not  acre  than  5 °/0  cf  the  measured  value  Z.  In 
the  test  results  cited  below  this  correction  was  not  taken  into 
accouat. 


the  accuracy  of 


■ents  depeads  |ct  c|ly  on  the  factors 


noted  above  but  oa  the  sensitivity  cf  the  tensometric  scales  and  on 
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the  resolution  of  the  instruaent  DICQ  and  tie  stability  of  its 
c«adia9S  with  a constant  value  of  the  scasuied  vaiue.  The  error 
arising  ib  this  case  (track  of  spread)  is  j*  (1-2)  units  with  a 
neasored  value  froa  zecc  tc  40  units. 

The  aethod  of  aaking  and  processing  aeasureaents  which  was  used 
in  the  tests  aade  it  possible  to  separate  troa  the  total  of  forces 
acting  on  the  aodel  only  the  dynaaic  (connected  with  rotation) 
ccaposent.  In  the  absence  of  rotation  this  ccapcnent  i.s  equal  to 
zero. 


lith  respect  to  the  aeasured  value  of  the  Bagnus  force  Z and  the 
eoaent  of  this  force  relative  to  the  bottca  section  of  the  aodel, 
the  coefficients  of  forces  and  aoaents  were  detcrained 


(3) 


Here  g is  the  dynaaic  pressure;  s is  tkc  area  cf  the  niddle. 


Dependences  of  the  coefficients  of  lagcus  forces  and  aoaents  on 
the  aegle  of  attack  with  various  velocities  of  rotation  of  the  aodel, 
i-e. , with  various  values  of  the  paraaeter  e,  are  shown  in  Pig.  2. 
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Pig.  2.  Coefficients  of  Hagnus  forces  and  acaents  with  H * * and  Bez 
* 37*10* . €«  0.0014  (1);  0.0027  (2);  O.QC‘4  (3);  0.0061  (4); 

0*0094  (5).  ( ) - values  (with  inverse  sign)  obtained  during  rotation 
of  the  nodel  in  the  opposite  direction;  KE1:  1)  degree. 
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It  is  evident  that  coefficients  Cr  and  mv  are  in  a conplex  dependence 
oa  the  angle  of  attack  changing  both  i>n  valae  and  in  sign*  These 
changes  are  caused  by  the  different  nature  cf  Hagnus  forces.  In  the 
first  place  the  classic  Hagnus  force  Za  aatr  cn  the  studied  body.  It 
arises  dring  rotation  of  an  unfinned  cylindrical  body  in  a flow  at  an 
aqgle  of  attack.  Second  there  is  the  force  2a  caused  by  the  fact  that 
the  plates  of  the  fin  vtiich  are  located  oe  the  lee  and  windward  sides 
cf  the  nodel  are  subnerged  into  a boundary  layer  of  varying 
thickness.  As  a result  an  urbalanccd  lateral  force  appears  which  is 
opposite  to  the  classical  Hagnus  force  with  respect  to  the  direction 
of  its  effect  and  the  pcint  of  its  application  is  located  on  the  fin 
[3].  Third,  on  the  plates  of  the  tail  fin  a lateral  force  Z,  arises 
which  is  caused  by  the  effect  of  vertices  ccnimg  off  of  the  front  fin 
and  fron  the  surface  of  the  body.  The  direction  of  the  effect  of  this 
force  is  is  also  opposite  tc  the  dircotion  cf  the  classic  Hagnus 
force.* 


[FC0TICT8:  ^Although  lateral  forces  ZM  and  Zj  are  different  (in 
ccaparison  with  the  Hagnus  force  Zt),  by  analogy  they  are  sonetines 
also  called  Hagnus  forces.  1RD  P00110T1] 


~7V? 
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kt  snail  angles  of  attack  (a  ><  5°)  the  scdel  is  acted  on  chiefly 
by  the  force  zt  and  the  affect  of  the  fin  is  saall.  In  this  range  of 
change  • force  Z increases  ahich  qualitatively  agrees  with  the  data 
cf  work  [5]. 

it  angles  of  attack  a > 5°  the  fiagnus  force  and  nonent  decrease 
to  aero  and  then  reach  large  negative  values.* 

[PCOTICTE:  *Tbe  direction  cf  the  Bagnos  force  coinciding  with  the 
direction  of  the  effect  cf  the  classic  Bagnos  force  is  considered  to 
he  positive.  BID  fgctmoie] 

This  is  apparently  explained  by  the  fact  that  in  a certain  range  of 
angles  of  attack  the  forces  Zg  and  za  are  dcaijant.  Kith  a > 10°  the 
absolute  values  of  Bagnos  forces  decrease  senewhat  since  part  of  the 
vortices  coning  off  of  the  front  fin  is  carcied  away  by  the  flow  and 
does  not  interact  with  the  tail  fin. 

Concerning  the  effect  of  the  rotatioo  cf  the  nodel  (i.e., 
paraneter  C)  on  the  value  cf  the  flagnus  force  and  nonent,  for  the 
studied  nodel  in  the  range  of  angles  of  attack  0 < e ^ 15*  these 
dependences  are  close  to  linear. 
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Fig.  3 shows  coordinates  Xt-MJZ  <t  pcinte  of  tha  application  of 
th«  rasultant  Hags  as  force  depending  on  the  atgle  of  attack  m with 
different  values  of  paraaetcr  £. 


Fig«  3*  Coordinates  of  points  of  application  of  the  resultant  Mapnus 
force  with  M = 4.  Designations  are  the  same  as  in  Fig.  2. 

Ke^-'  l)  c/ecjr«?e  . 


wmmm 
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the  diituioiltM  coordinate  Xz  — Xwf  is  read  ofi  froa  the  base 
aactioa  of  tka  nodal,  tka  relatively  large  ipread  of  tke  obtained 
points  ia  tke  range  a * 6*9°  in  explained  by  tka  fact  tkat  tke  values 
S and  M,  in  tke  indicated  range  of  angles  of  attack  are  close  to  xero. 
Ike  character  of  tke  behavior  of  Xz( a)  is  datarnined  by  the 
rnlaticaship  of  forces  !tf  t<#  Il(  and  tke  corresponding  nonents  for 
each  angle  of  attack.  Hith  a 0 one  nctes  a tendency  tvoard 
displacement  of  tke  point  of  application  of  tka  resultant  force  Z to 
value  Xz«0,3.  Tke  positicn  cf  ccordinate  Xt  fex  a shell  vitkout  a fin 
uitk  a -*  0 corresponds  tc  this  value  akich  is  in  agreeseat  vitk  tke 
data  ef  vork  [5]. 


conclusions 


The  suggested  construction  of  the  set-op  and  tke  developed 
aetkod  of  aeasurenent  aake  it  possible  vitk  satisfactory  accuracy  to 
neasure  tke  resultant  Hagans  force  and  nonent  ca  a rotating  finned 
body  (»t  revolution  vitk  an  elongaticn  <ap  tc  X ■ SO.  Tke  results  of 
experiaeatal  research  shoned  that  vith  snail  at9les  of  attack  the 
Bagnos  force  is  positive.  Hcvever,  vitk  a ssbsegaeat  increase  of  e it 


sharply  changes  tke  diracticn  of  eifaot  tc  tke  opposite  direction  and 
increses  significantly  in  sixe.  In  this  cans  the  point  of  its 
application  is  displaced  ia  tke  directice  cf  the  nose  part  of  the 
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■od<k  For  tk«  tiuintd  aake«up  the  change  in  tin  direction  of  tha 
at  loot  of  the  latnral  forca  takas  place  at  angles  of  attack  of  « * 
6-7*. 


Tha  absolute  values  of  the  Bagnos  forces  and  aoaents  increase 
oith  an  increase  in  paraaeter  t ; these  deper donees  are  close  to 
linear. 
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